A -C, Growth curves of the indicated strains in synthetic complete medium supplemented with glucose (A, B) and glycerol/ethanol (C). The wells of a 24 well microtiter plate containing 0.5 ml medium was inoculated with logarithmic cultures of each strain to an OD 600 of approximately 0.1 (A) and 0.01 (B), incubated in a plate reader under continuous vigorous shaking, and the OD 600 was monitored continuously. Each data point is the average of 4 cultures grown in parallel. Growth of W303-1A slows down considerable after OD 600 of 1.2. Since W303-1A is ade2 auxotroph while all other strains are ADE2 prototroph, we suspected that adenine could become limiting in the culture. We therefore repeated the growth assay and 
Supplemental methods

Strains used in this study
WΣ is a derivative of W303-1A containing a functional allele of the mitochondrial 
Cell culture
Yeast cells were grown at 25°C in synthetic complete medium containing either 2% glucose (SC) or 3% glycerol and 2% ethanol (SG). The amino-acid/nucleobase composition was prepared as described in 6 . The medium was supplemented with Yeast nitrogen base (Difco, BD, Heidelberg, Germany) 1.7 g/l and (NH 4 ) 2 SO 4 5 g/l.
All components were sterile filtrated. All measurements were performed during logarithmic growth with OD 600 < 0.4. All strains of this work are based on the WΣ strain except for the UCC5179 mother enrichment program strain (Fig S10 and Fig   S11) .
Transformation & Plasmid integration
Yeast cells were transformed with the lithium acetate/PEG method 7 . For Integration, plasmids were linearized before transformation. Knock-outs were generated by using standard techniques 5 . Every knockout was confirmed by PCR amplification of the genetic locus and sequencing of the PCR product.
Reporter normalization & calibration
For the pHluorin reporter, a standard curves were acquired by resuspending cells in 100 mM MES/Tris or HEPES/Tris buffer or in HEPES/MES buffers according to 1 .
Cells were permeabilized with 0.16% digitonin (Sigma). Proper equilibration was followed by the flow-cytometer and lysed cells were excluded from analysis.
Autofluorescence was subtracted and the fluorescent ratios were fitted by a sigmoidal function. The pH was then calculated from the sigmoidal fitting. For measuring two different cell-lines in one culture, one cell type was transformed with a constitutively expressed TagBFP-reporter. The spectral spillover of TagBFP on the channels used for the ratiometric-probes was determined separately and applied to the compensation matrix of the software.
Although there were some day to day variations of the measurements with a standard deviation within one experiment of on average 0.05 pH units (pHlourin),
1.4% OxD (roGFP2-Orp1) and 2% OxD (roGFP2-Grx1), the means for old and young cells are highly accurate as they are measured at the same time and standard error of the means are smaller than the symbols in the figures. Consequently, the difference between old and young cells is highly statistically significant (P<0.0001).
Statistical analysis
For each data point at least 2000 old and at least 10000 young cells were measured.
Since fluorescence data measured by flow-cytometry are normal distributed on a logarithmic scale, the pH and %OxD values calculated from the fluorescence values are not anymore normal distributed. In addition, the sample size of old and young cells were not the same and old cells had a much larger variance than young cells. Therefore, the non-parametric Kruskal-Walis test was used to evaluate the data and Dunn's multiple comparison test to evaluate the significance of the difference between old cells and their rejuvenated offspring 9, 10 .
Microdissection
Cells from a single colony were grown on an YPD plate at 25°C, re-streaked on a fresh plate and newly budded daughter cells were taken for microdissection. For dissection on glycerol/ethanol medium cells were grown on synthetic complete plates containing 3% glycerol and 2% ethanol and re-streaked on a fresh plate. Every successful separation was scored until cells ceased to divide. Dissection was performed for 12 h a day and plates were stored over night at 4°C.
Supplemental discussion
Flow-cytometry based replicative lifespan analysis
Our flow-cytometry based assay has several advantages over previous method for analyzing replicative aging in yeast. In contrast, to the dissecting assay we have access to many more readouts. In principle, any parameter that can be visualized by fluorescence is measurable. In the last stages of the aging experiments we have some 1000 cells and any biochemical or molecular biology method that are sensitive enough and do not require centrifugation could by applied. In contrast to paramagnetic bead enrichment methods, we assessed our probes directly from the growing culture without lengthy enrichment procedures that could have an influence on the environmental sensitive probes. In addition, when determining the replicative potential of aged cells, dead cells are also included, which are excluded in our flowcytometry assay. In contrast to the microfluidic flow chamber assay, our method allows the assessment frequency of petites in the population. We also have in general better statistics since we measure many thousand cells. In addition, we can apply different stress conditions to our cells at any stage of aging without compromising the progression of aging. The biggest advantage of our method as compared to all other methods is that we can measure the fully rejuvenated daughter cells in parallel under the same conditions as the aged mother cells.
The disadvantage of our method as compared to the microfluidic and the dissecting assay is that we cannot follow individual cells over the replicative aging. The disadvantage as compared to the paramagnetic bead enrichment method is that in general we have lower numbers of cells available at late stages of aging and getting large numbers of old cells would be very labor intensive. However, this might be overcome by using the mother enrichment program in combination with our method 4 .
Regrettably, the mother enrichment program strain has a high frequency of petite formation, which hampers aging experiments (Fig. S11) .
Cytosolic pH
The cytosolic pH we determined by flow-cytometry is with 7.65 somewhat higher than the 7.2 previously determined for fermenting yeast cells using the same ratiometric pHlourin in a plate reader assay 11 . Similarly, for respiring cells we measured a pH of 7.36 as compared to 6.9 determined earlier. Since the absolute difference between fermenting and respiring cells are the same for both methods these deviations are most likely caused by the different instruments used for pH determinations. However, the absolute pH values are not the main point of our study but the differences between old mother cells and their rejuvenated daughter cells. Since both are measured within the same culture at the same time with the same instrument, the differences are highly accurate and any instrument-specific deviations from other pH determination methods will affect both values in the same way. Thus the differences we observed remain valid.
There are several possible explanations for the discrepancy of the published agerelated increase in pH 12 and our observed decrease in pH. To have a better signalto-noise ratio, the pHluorin reporter in the previous study was targeted itself to the plasma membrane and may therefore report on a distinct cortical microenvironment.
In our study the reporter was distributed throughout the entire cytosol (Fig 1D, Fig S3,   Fig S4) and we performed whole-cell measurements. The pH in the previous study was measured after enrichment by paramagnetic sorting, while we analyzed the pH directly from the logarithmic culture without any prior preparation steps.
Increased oxidation in respiring cells
Interestingly, the increase of cytosolic glutathione redox potential in respiring cells occurs early during replicative aging and stays constant at a time when stationary cells start accumulating (compare Fig 2D and Fig 1I) . In addition, the glutathione redox potential increases in aging respiring cells, though the pH decreases in both respiring and fermenting cells and the final oxidation burden in the cytosol, expressed as H 2 O 2 concentration, seems to be similar in aging respiring cells as in aging fermenting cells.
First, it is important to note that the major difference between fermenting and respiring cells is that already during logarithmic growth the pH is lower in respiring cells than in fermenting cells, as was also found by 11 , and therefore the age-related decrease in pH in respiring cells occurs in a pH-range in which Glr1 is not influenced by pH anymore. Second, we also would like to stress that our probes measure the steady state oxidation and we do not have any information on the flux of redox species through the redox systems. It is therefore possible that the flux of reactive oxygen species through the cytosolic redox systems is higher in respiring cells and increases during early stages of aging and Glr1 is limiting under these conditions, which could explain the early increase in % OxD of our GSSG/2GSH reporter.
However, we do not believe that this is the case, as respiring cells are more resistant to H 2 O 2 challenges (Fig S12B, Fig S15) . Third, additional redox systems may contribute to the steady state oxidation in respiring cells. Most prominent would be Trx3, which reduces GSSG to 2 GSH in mitochondria. However, it was shown previously that deletion of trx3 does not lead to an increase of the glutathione potential in the cytosol 13 , suggesting that an age-related decrease in Trx3 activity is not likely the cause for the increase in glutathione potential in respiring cells. Another cause could be a decline in NADPH in early stages of yeast aging under respiring conditions. However, we consider the likelihood that NADPH is decreased small, since these cells are able to withstand an H 2 O 2 shock. The thioredoxin system could also contribute to the glutathione potential and alterations in this system might lead to an early increase in respiring cells.
Fourth, a possible explanation for this observation could be the dual targeting of Glr1 to both the cytosol and the mitochondrial matrix. The Glr1 encoding mRNA contains two alternative start codons, producing two Glr1 isoforms, one with and the other without mitochondrial targeting sequence 14 . It is possible that under respiratory conditions translation initiation occurs preferentially at the first start codon, leading to an increase of Glr1 in the mitochondrial matrix and a decrease in the cytosol. Thus, Glr1 could become limiting in the cytosol. In addition, the pH in the mitochondrial matrix is 0.2 units higher than in the cytosol, decreasing the activity of mitochondria localized Glr1.
Consequences of decrease pH in old yeast cells
It was recently described that an acidic pH leads to clustering of metabolic enzymes into filaments during nutritional shortage and helps cells to survive and recover from starvation 15 . If this is also true for aged cells, this may explain their growth arrest and their long post-replicative survival time especially under fermentative conditions (Fig 1I) . In another study a lower growth rate was associated with a lower cytosolic pH 16 . In addition, the cytosolic pH was shown to be important for V-ATPase assembly and subsequent PKA-pathway activation, tightly associating the pH with cellular energy metabolism 17 .
